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ABSTRACT 

A technique for the solution of t i m e  dependent foil bearing 

problems is presented ir. this  report. Solutions obtained for typical 

dis turbances which a re  introduced into the  bearing , indicate  that  they 

are  swept  out  a t  a speed of, e s sen t i a l ly ,  U/2. The effects of higher 

foil s t i f fness  on this  phenomenon a r e  found to be s m a l l .  
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1 . 0  INTRODUCTION 

Foil bearings have attracted attention in recent  years  due 

to their u se  in  the computer and tape recording industries as  well  

a s  in special  lubrication applications.  M o s t  of the previous foil 

bearing s tudies  have been devoted to s teady state problems. The 

unsteady problem of a foil moving along a f la t ,  solid surface was  

considered by Eshel and Wildmann [l]. These authors found by a 

l inearized treatment of the differential equations that  s m a l l  distur- 

bances  i n  the shape of a tape propagate a t  half the speed of the 

tape while decaying. They also concluded that large symmetrical 

dis turbances do l ikewise.  This report will investigate disturbances 

i n  a foil moving along a circular cylinder. In this  c a s e ,  numerical 

methods are  employed for the solution of the nonlinear differential 

equat ions.  
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2 . 0  FORMULATION OF THE PROBLEM 

Consider a n  infinitely wide, perfectly f lexible ,  massless 

foil moving a t  a constant  speed,  along a cylinder of radius r . The 

foil is under a tension T and sweeps with it a lubricating f i l m  of 

a i r  which is considered incompressible. At t i m e  t = +O a dis turbance 

in  the shape of the foil is introduced. The problem is to find the 

time history of the f i l m  thickness .  The conditions under which the 

above simplifications are  permissible were d i scussed  in  [l] and are  

sa t i s f ied  in  many appl icat ions.  

0 

The basic equations which descr ibe  the si tuation are given 

below. 

The Reynolds equation descr ibes  the fluid flow 

The foil elastic behavior is described by 

where R is the  local  radius of curvature and D the flexural rigidity of 

t h e  foil. In polar coordinates 
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The following dimensionless quantit ies are introduced: 

H = f o  h c - 2 / 3  

c u 4 3  === 
By means of a perturbation process  with c '0, used  previously in  E q s .  

( l ) ,  (2) and (3),  one may reduce the above equat ions to a first approximation: 

The boundary conditions require that  the foil will become asymptotically 

straight far from the spindle .  To a degree of approximation cons is ten t  

with the above,  the boundary conditions become [2]: 
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, 

H'  - 6  
H" - 1 

HIv - 0  

The initial f i l m  thickness  distribution h a s  to be prescribed: 

In the specif ic  cases investigated here ,  the  s teady s t a t e  

f i l m  thickness  from E q s .  (2)  and (3) was  used .  Specific dis turbances 

were imposed on this c learance distribution. In the  case of tension 

dis turbance,  the f i l m  thickness  and angular coordinates were sca led  

by the  tension ratio to  t h e  power 2/3 and 1/3, respect ively,  to  

accomodate for E q s  . (9)  and (10 ) .  
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3.0 SOLUTION 

The problem which is of a parabolic type was solved numerically 

by t h e  Lees implicit f inite difference technique [4]. The e s s e n c e  of the 

method is as follows: Suppose the va lues  of H a t  n points on a spa t ia l  

grid a t  time T a re  given. The values of H on the corresponding grid 

points a t  time T + A T  are  considered a s  n unknowns. If we approximate 

the lower order nonlinear terms of Eq. (12)  by their known va lues  a t  

t i m e  T,  and u s e  spa t ia l  central  differences and backward t i m e  differences,  

we  may replace the differential equation by a s e t  of n-6 l inear a lgebraic  

equat ions . 
The boundary conditions,  E q .  ( 1 3 ) ,  a re  required t o  be exact ly  

sa t i s f ied  a t  some large finite values of - + 5 (points i = 1,  n) thus 

yielding s i x  additional equat ions.  The resul t ing five-diagonal matrix 

equat ion was  solved by an  elimination procedure taking full advantage 

of the  spa r seness  of the matrix. The technique used  approximately 

8 x n subtract ions,  14 x n multiplications and d iv is ions ,  and 6 x n 

s torage locations . 
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4 . 0  RESULTS 

The response of the foil bearing to some dis turbances indicative 

of the general  behavior is graphically presented in Figs. 1 to 6 .  The 

f i l m  thickness  distributions a t  success ive  t i m e  intervals  are shown by 

displacing the datum for two consecutive curves by one divis ion.  The 

clearance s c a l e  is marked for the ini t ia l  f i l m  thickness  distribution 

only.  The dimensionless t i m e  T is marked on each curve. The two 

vertical l ines indicate the points of tangency. 

Figures 1 and 2 show the response to  a square wavelet .  The 

effects of disturbance width 2a and height A a re  also shown. In the 

l inearized case [l], a correlation on the b a s i s  of 

exists, where H denotes  the f i l m  thickness  at the symmetry point of 

the disturbance. The nonlinear effects a r e ,  somewhat surprisingly,  not 

subs tan t ia l .  In Fig. 3 the response to a saw tooth wavelet  is displayed.  

The prediction of [ l ]  that  disturbances propagate a t  U/2 except  for a 

s m a l l  in i t ia l  time interval in  the  c a s e  of nonsymmetrical large distur- 

b a n c e s ,  is verified in Fig. 4 .  

C 

Figure Sa shows how excess  fluid inserted into the bearing is 

be ing  swept  out with a front moving a t  U/2. Figure 5b demonstrates 

iiow additional fluid is pumped into the bearing in  response to a sudden 

reduction in tension.  
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Fig. la  Dynamic Response of a Foil Bearing to a Square 
Wavelet  Disturbance i n  t h e  Uniformity Region. 
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Fig. l b  Detailed Initial Response to a Square Wavelet 
Disturbance of Width 2a = 11.8 and Height 
A = 0 . 4  
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Fig. I C  Detailed Initial Response to a Square Wavelet  
Disturbance of Width 2a = 3 . 7  and Height 
A = 0.4 
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Fig. 2 Film Thickness at  Symmetry Point of Square 
Wavelet  Disturbance versus  T ime  
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Fig. 3 Dynamic Response of a Foil Bearing to a 
Saw Tooth Wavelet  of Width 2a = 11.8 and 
Height A = 0.4 
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Fig. 4 Position of Symmetry Point and of Minimum 
Point for Square and Saw Tooth Wavele ts  
Respectively 
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Fig. Sa 
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Dynamic Response of a Foil Bearing to 
a Sudden Increase in  Film Thickness 
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Fig. 5b Dynamic Response of a Foil Bearing 
Step Increase in Tension 
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In Fig. 6 the effect of foil s t i f fness  is invest igated.  I t  is 

concluded that  the speed of propagation of dis turbances is insens i t ive  

to  foil s t i f fness .  

A mathematical explanation for this  may lie in  the fact that  

the higher derivatives in  Eq. ( 1 2 )  are large only i n  the ini t ia l  t i m e  

interval while their  effect  subsides  la te r  and ,  hence ,  the disturbance 

propagates approximately as dictated by the equation 

with relatively s low decay  rate .  

A s ide  resu l t  of the above calculat ions was the generation of 

s t eady  s t a t e  f i l m  thickness  profiles as  the asymptotic behavior of the 

unsteady f i l m .  This h a s  been previously obtained in [ 3 ]  by a n  essent ia l ly  

different technique and t h e  results agree within 0.5 percent. 

t he  solution is based  on integration of the ordinary differential equation 

representing the s teady-state  f i l m  thickness .  The inlet  and ex i t  

regions are solved separately and are  linked by a central  region of 

cons tan t  f i l m  thickness .  Thus the angle of wrap is arbitrary as long 

as i t  is not too smal l ,  i .e .  a s  long a s  no interaction between the 

exit and in le t  region e x i s t s .  Barlow [ 5 ]  extended the solutions to  s m a l l  

wrap angles .  With the present technique the ex i t  and inlet  are solved 

s imultaneously.  This is particularly convenient for cases where interaction 

between the two regions exists. 

In [3] 
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In Fig. 6 ,  the growth of amplitude and wavelength of undu- 

la t ions as a function of s t i f fness ,  mentioned previously in  [ 3 ] ,  

may be observed. The larger the s t i f fness ,  the deeper  will  the in le t  

and exit undulations penetrate into the central  region until  they start 

to interact.  Thus, large stiffness has  a n  effect similar to that of a 

reduction i n  wrap angle .  

I 
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Fig. 6 Dynamic Response of a Foil Bearing to a Square 
Wavelet Disturbance for Various Foil Stiffness 
Va lue s : 

6a S = 0 .  6b S = 1 0 .  
6c S = 50.  
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